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Morphological Imaging and Analysis of Adhesive Setae in the Green 
Anole, Anolis carolinensis 
 
Alexandra T. Tomasko 
 
Introduction 
 Geckos have attracted scientific interest for centuries, based on their ability to 
stick to a multitude of surfaces and under diverse and challenging conditions. Geckos 
are capable of this impressive sticking power based on a hierarchical, highly branched 
toe pad structure. Gecko adhesive toe pads consist of a series of scales (lamellae), 
which are covered by microscopic hair-like structures called setae. In the 1950s, 
electron microscopy allowed scientists to further examine the system and view the 
complex, hierarchical structures on the gecko toe pad. With this technology, further 
branching on the setae into hundreds of spatulae was observed (Ruibal and Ernst 
1965). 
 Although there are more than one thousand gecko species that have a variety of 
toe pad sizes, lamellae, setae, and spatulae, the tokay gecko, Gekko gecko, is the best-
studied gecko species (Han et al. 2004). The tokay gecko has often served as a model 
organism in studies on the gecko adhesive system because it is widely available and 
easy to maintain (Johnson and Russell 2009). While the tokay gecko has been well 
studied, it has been shown that similar adhesive structures have independently evolved 
in other lizards, including skinks and lizards in the genus Anolis (Williams and Peterson 
1982).  
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 The tokay gecko’s setal shape is a multi-branched stalk ending in somewhere 
between 100 and 1000 small triangular tips. Limited work has been completed on Anolis 
setal morphology and adhesive performance, although the work that has been done has 
highlighted a different setal shape in anoles. In Anolis cuvieri, more commonly known as 
the green giant anole, a single stalk ending in one triangular tip has been observed 
(Williams and Peterson 1982). In addition, when comparing setal morphology in A. 
cuvieri and G. gecko, differences in setal diameter, setal height, tip dimensions, and 
stalk density have also been noted. A. cuvieri  had approximately 10 times narrower 
setal diameter, one quarter setal length, and over 3 times larger tip dimensions. Setal 
density also varied dramatically, nearly two hundred times denser in A. cuvieri  than G. 
gecko (Williams and Peterson 1982).  
 Additionally, the configuration and dimensions of setal fields in several gecko 
species have been investigated by Johnson and Russell (2009). It was determined that 
setal field configuration in the gecko genus Rhoptropus follows a specific pattern. As 
depicted in Figure 1 below, the setal length increased distally within each lamella, and 
overall setal length also increased distally between lamellae (Johnson and Russell 
2009). Setal diameter decreased distally within each lamella. However, setal diameter 
was not significantly different between lamellae. Thus, within lamellae the distal setae 
tended to be longer and narrower while the proximal setae tended to be shorter and 
wider. Setal density increased distally along the length of each lamella (Johnson and 
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Russell 2009). The exception to this trend was the most proximal lamella, where setal 
density increased at the proximal end (Johnson and Russell 2009). Finally, entire 
lamella length decreased distally, so entire proximal lamellae were longer than entire 
distal lamellae (Johnson and Russell 2009). 
 
 Johnson and Russell’s work suggest two notable functional implications for the 
trends in setal field configurations observed in geckos (2009). First, the variation in setal 
length within lamellae and between lamellae could have functional implications 
associated with adhesion on rough surfaces. Second, variation in setal length may also 
play a role in promoting simultaneous detachment of setae (Johnson and Russell 2009). 
During detachment the digits are hyperextended (peel in distal-to-proximal direction), 
resulting in the setae reaching a critical detachment angle and releasing from the 
surface (Johnson and Russell 2009).  Detachment would occur sequentially if all setae 
Figure 1. (Johnson and Russell 2009). Schematic diagram of morphological trends 
between and within proximal, intermediate, and distal lamellae of Rhoptropus geckos.  
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were the same length, as each seta would reach the critical angle at a different moment. 
Simultaneous detachment of setae allows for rapid release of the digits, leading to quick 
movements being easily made (Johnson and Russell 2009). An important point to note 
is that digital hyperextension was investigated in Anolis sagrei, and it was determined 
that A. sagrei does not perform hyperextension like that seen in geckos (Russell and 
Bels 2001). Rather, the Anolis toe pad peels in a proximal-to-distal direction. These 
works have led to questions about the setal field configurations of anoles and their 
functional implications considering the differences in toe pad peeling.  
 These findings have sparked an interest in investigating the morphology of Anolis 
lizards beyond A. cuvieri. The difference in setal tips between anoles and geckos 
becomes important when further investigating and developing synthetic adhesives, 
which are being designed to mimic the multifunctional adhesive capabilities of geckos. 
No current synthetic adhesive has captured the multi-functionality of gecko toe pads 
with their incredibly adhesive setae (Niewiarowski et al. 2016; Autumn et al. 2014). 
Perhaps, the lack of branching in current synthetic adhesives plays an important role in 
the limited success of current gecko-like synthetic adhesives. Upon looking at the 
limited imaging done on Anolis, it is evident that the synthetic fibrillar adhesives more 
closely resemble the Anolis setae than the gecko setae (Autumn 2006). Just like the 
Anolis setae, the synthetics appear to be less highly branched structures.  
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 For these reasons, further investigation of A. carolinensis setal morphology via 
SEM imaging and analysis proves worthwhile as it relates to setal field configuration, 
synthetic adhesive design, and functional implications of patterning in these pad-bearing 
lizards. We investigated the setal morphology of A. carolinensis to determine if a similar 
or different setal pattern is present in Anolis. We hypothesized that the setal field 
configuration in A. carolinensis would have reverse trends compared to the setal field 
configuration pattern seen in geckos based on their opposite peeling directions. 
 
Materials and Methods  
 In this experiment, three ethanol-preserved A. carolinensis lizards were used.  
 In order to sufficiently obtain and analyze the SEM images, detailed methods 
were based on the work by Johnson and Russell (2009). The digits were clipped and 
prepared for SEM examination. Digit III of the right hind limb was clipped for all 
samples. The clipped digit was sagittally sectioned with a scalpel while viewed under a 
dissection microscope. Sectioning was completed for all three toes, providing six 
samples in total.  
 The halves were critical point dried in order to dehydrate the biological tissue. 
The dried sections were mounted on SEM stubs with carbon tape. Specimens were 
mounted in the orientation of one half mounted with the ventral side of the digit facing 
upward and the other half mounted on its side with the cut sagittal edge facing upward. 
These orientations were done to reveal tip dimensions and setal arrangement. After 
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critical point drying, samples were stored in a covered container with Drierite desiccant 
to maintain a dry environment. Samples 1 and 2 were sputter coated with 
gold/palladium for thirty seconds, while sample 3 was not sputter coated. Sputter 
coating was completed to improve the resolution when imaging, although no noticeable 
difference in resolution was observed. Thus, the final specimen was left uncoated. 
 The samples were viewed with a field emission scanning electron microscope 
(SEM) model JEOL-7401. In order to determine the appropriate designations of 
proximal, intermediate, and distal lamellae based on location on toe, the total number of 
lamellae on each sample was counted. SEM images were taken of proximal, 
intermediate, and distal lamellae, in both ventral (top) and sagittal (side) views. Zoomed 
out sagittal images were taken of the three representative lamellae from each sample to 
obtain entire lamellae lengths measurements. No images were obtained of the proximal 
section of sample 3, as the lamellae appeared to have stripped off the sample during 
preparation. Sequential images were taken to provide information on the proximal, 
intermediate, and distal subsections of a given lamella. These subsections were 
referred to as the location on lamellae. For example, the entire proximal lamella was 
imaged in a zoomed out view, and then zoomed in images were taken of the proximal 
subsection, intermediate subsection, and distal subsection. To determine these 
subsections, each lamella was arbitrarily divided into three sections. The proximal 
subsection was determined to begin when fully formed setae were evident near the 
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base of the lamella and went to about 1/3 of the lamella. The distal subsection was 
determined to begin at the end or tip of the lamella and continued to about 1/3 of the 
lamella. The intermediate subsection was comprised of the area between these two 
other sections. This method of imaging was completed for all samples. 
 Images were entered into ImageJ software, and a variety of setal field 
measurements were taken. Measurements taken in ImageJ included setal length, setal 
diameter, setal tip width, setal density, and entire lamellae length. In ImageJ, the 
measurement tool was calibrated to the scale bar in order to take accurate 
measurements from the SEM images. Measurements were taken at the proximal, 
intermediate, and distal subsections of each lamella. Measurements of ten setae were 
taken for each of setal length, setal diameter, and setal tip width. Each individual setal 
measurement was repeated three times and those values were then averaged. Thus, 
for a sample of ten setae, thirty total measurements were taken. The setae measured 
were chosen randomly. Entire lamellae length and setal density were measured three 
times each. Setal length was measured by tracing the curve of the seta, from base to tip 
(Figure 2). Setal diameter was measured at the widest part of the seta, near its base 
(Figure 2). Setal tip width was measured along the widest part of the tip in the ventral 
images (Figure 3). The number of setae along a measured line were counted, squared, 
and converted to give setal density as the number of setae per mm2. Lamellae length 
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was measured along the curve of the lamella from the base of the most distal seta to 














Figure 2. SEM image showing example 
setal length, setal diameter, and setal 
density measurements taken from a 
sagittal section.  
Figure 3. SEM image showing example 
tip width measurements taken from ventral 
view.  
Figure 4. SEM image showing example 
lamella length measurement taken from a 
sagittal section.  
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Statistical Analysis 
 The effect of location on toe on setal length, setal diameter, tip width, setal 
density, and entire lamellae length was investigated using an analysis of variance 
(ANOVA). Further, the effect of location on lamellae on setal length, setal diameter, tip 
width, and setal density was investigated using an additional ANOVA. All data met the 
assumptions of analysis of variance. Tukey honest significant different (HSD) test was 
used in conjunction with ANOVA to determine the specific means that were significantly 
different from each other.  
 Location on toe and location on lamellae served as the independent variables. 
Setal length, setal diameter, tip width, setal density, and entire lamellae length served 
as the dependent variables. To remove potential pseudo replication, the ten average 
setal measurements per lamella subsection were averaged per individual when 
analyzing the effect of location on lamellae on the measured parameters. When 
analyzing the effect of location on toe on the measured parameters, all of the average 
setal measurements were averaged per lamellae location on the toe per individual.   
 
Results  
General Morphological Trends 
 General characterization was determined from average measurements of the 
SEM images. As seen in Figure 5, for within lamellae measures (i.e. when looking at the 
proximal, intermediate, and distal subsection on a particular lamella), it was observed 
		 10 
that setal length increased from the proximal location on lamellae to the distal location 
on lamellae. In contrast, the setal diameter decreased from the proximal location on 
lamellae to the distal location on lamellae. Setal tip width also decreased from the 
proximal location on lamellae to the distal location on lamellae. Setal density was similar 
for the proximal and intermediate subsections but increased in the distal subsection.  
 
 As seen in Figure 6, similar results were observed for between lamella measures 
(i.e. when looking at the location on toe). It was observed that setal length increased 
from the proximal lamellae to the distal lamellae. The setal diameter decreased from the 
proximal lamellae to the distal lamellae. Similarly, setal tip width decreased from the 
Figure 5. Schematic diagram showing general 
morphological trends in setal dimensions, tip width, 
and setal density within proximal, intermediate and 
distal subsections of lamellae of Anolis carolinensis.  
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proximal lamellae to the distal lamellae. Setal density was similar for the intermediate 
and distal lamellae but differed on the proximal lamellae. Entire lamellae length 












Quantitative Morphological Analysis 
 Analyses of variance (ANOVAs) investigated whether location on toe was a 
significant source of variation in setal length, setal diameter, tip width, setal density, and 
entire lamellae length (Figures 7, 9, 11, 13, 15). Similarly, additional ANOVAs 
investigated whether the location on lamellae was a significant source of variation in 
setal length, setal diameter, tip width, and setal density (Figures 8, 10, 12, 14).  
Figure 6. Schematic diagram showing general morphological 
trends in setal dimensions, tip width, setal density, and entire 
lamellae length between proximal, intermediate and distal lamellae 
of Anolis carolinensis. 
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 As seen in Figure 7 below, mean setal length varied significantly with location on 
toe (F2,5 = 7.513, P = 0.0312). Mean setal length increased from proximal location on 
the toe to distal location on the toe. Specifically, mean setal length at proximal location 
on the toe was significantly less than mean setal length at distal location on the toe (P = 
0.0273). Mean setal length at the proximal location on the toe was not significantly 
different from mean setal length at intermediate location on the toe (P = 0.2351). Mean 
setal length at the distal location on the toe was not significantly different from mean 







 As seen in Figure 8 below, mean setal length varied significantly with location on 
lamellae (F2,21 = 14.5095, P = 0.0001).  Mean setal length increased from proximal 
location on the lamellae to distal location on the lamellae. Specifically, mean setal 
A 	 AB 	
B 	
Figure 7. Mean setal length (μm) is displayed as 
a function of location on toe. Error bars represent ± 
1 standard error. Different letters represent 
statistically significant differences. Graph shows 
that mean setal length significantly increased from 
proximal to distal (F2,5 = 7.513, P = 0.0312). 
		 13 
length at proximal location on the lamellae was significantly less than mean setal length 
at distal location on the lamellae (P = 0.0002). Mean setal length at the proximal 
location on the lamellae was significantly less than mean setal length at intermediate 
location on the lamellae (P = 0.0012). Mean setal length at the distal location on the 
lamellae was not significantly different from mean setal length at intermediate location 






Figure 8. Mean setal length (μm) is 
displayed as a function of location on 
lamellae. Error bars represent ± 1 standard 
error. Different letters represent statistically 
significant differences. Graph shows that 
mean setal length significantly increased from 
proximal to distal locations on lamellae (F2,21 = 





 As seen in Figure 9 below, mean setal diameter did not vary significantly with 






 As seen in Figure 10 below, mean setal diameter varied significantly with location 
on lamellae (F2,21 = 4.6963, P = 0.0206).  Mean setal diameter decreased from proximal 
location on the lamellae to distal location on the lamellae. Specifically, mean setal 
diameter at proximal location on the lamellae was significantly greater than mean setal 
diameter at distal location on the lamellae (P = 0.0216). Mean setal diameter at the 
proximal location on the lamellae was not significantly different from mean setal 
diameter at intermediate location on the lamellae (P = 0.8007). Mean setal diameter at 
the distal location on the lamellae was not significantly different from mean setal 
diameter at intermediate location on the lamellae (P = 0.0815).  
Figure 9. Mean setal diameter (μm) is 
displayed as a function of location on toe. Error 
bars represent ± 1 standard error. Graph shows 
that mean setal diameter was not significantly 
different by location on toe (F2,5 = 1.9702, P = 







 As seen in Figure 11 below, location on toe was not a significant source of 






Figure 11. Mean setal density (setae/mm2) is 
displayed as a function of location on toe. Error 
bars represent ± 1 standard error. Graph 
shows that mean setal density was not 
significantly different by location on toe (F2,5 = 
0.6047, P = 0.5818).   
Figure 10. Mean setal diameter (μm) is 
displayed as a function of location on lamellae. 
Error bars represent ± 1 standard error. Different 
letters represent statistically significant 
differences. Graph shows that mean setal 
diameter significantly decreased from proximal to 





 As seen in Figure 12 below, location on lamellae was not a significant source of 







 As seen in Figure 13 below, location on toe did not have a significant effect on 




Figure 12. Mean setal density (setae/mm2) 
is displayed as a function of location on 
lamellae. Error bars represent ± 1 standard 
error. Graph shows that mean setal density 
was not significantly different by location on 
lamellae (F2,21 = 0.6542, P = 0.5301).   
Figure 13. Mean tip width (μm) is displayed as 
a function of location on toe. Error bars 
represent ± 1 standard error. Graph shows that 
mean tip width was not significantly different by 
location on toe (F2,5 = 1.5920, P = 0.2918).   
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 As seen in Figure 14 below, location on lamellae had a significant effect on mean 
tip width (F2,21 = 23.8319, P = < 0.001). Mean tip width decreased from proximal 
location on lamellae to distal location on lamellae. Specifically, mean tip width at 
proximal location on the lamellae was significantly greater than mean tip width at distal 
location on the lamellae (P = < 0.001). Mean tip width at the proximal location on the 
lamellae was significantly greater than mean tip width at intermediate location on the 
lamellae (P = 0.0182). Mean tip width at the distal location on the lamellae was 








 As seen in Figure 15 below, mean lamellae length varied significantly with 
location on toe (F2,5 = 5.9818, P = 0.0472). Mean lamellae length decreased from 
proximal location on the toe to distal location on the toe. Specifically, mean lamellae 
Figure 14. Mean tip width (μm) is displayed as a 
function of location on lamellae. Error bars 
represent ± 1 standard error. Different letters 
represent statistically significant differences. Graph 
shows that mean tip width significantly decreased 
from proximal to distal locations on lamellae (F2,21 = 





length at proximal location on the toe was significantly greater than mean lamellae 
length at distal location on the toe (P = 0.0404). Mean lamellae length at the proximal 
location on the toe was not significantly different from mean lamellae length at 
intermediate location on the toe (P = 0.1693). Mean lamellae length at the distal location 
on the toe was not significantly different from mean lamellae length at intermediate 
location on the toe (P = 0.3935).  
 
Discussion 
 The goal of this experiment was to characterize the setal configuration and 
dimensions in Anolis carolinensis through SEM imaging and analysis. We were 
interested in how this characterization might compare to that seen in Rhoptropus genus 
geckos. Within lamellae (i.e. location on lamellae) and between lamellae (i.e. location on 
Figure 15. Mean lamellae length (μm) is 
displayed as a function of location on toe. 
Error bars represent ± 1 standard error. 
Different letters represent statistically 
significant differences. Graph shows that 
mean lamellae length significantly 
decreased from proximal to distal (F2,5 = 





toe) data was obtained. Additionally, the A. carolinensis setae were characterized 
qualitatively and quantitatively, as described in the results.   
 Based on opposite peeling directions, we hypothesized that Anolis carolinensis 
would have reverse trends in the setal field configuration pattern compared to those 
seen in Rhoptropus genus geckos. For A. carolinensis, across all lamellae (i.e. based 
on location on toe) trends include: decreasing lamellae length distally, increase in setal 
length distally, unchanging setal diameter, unchanging setal density, and unchanging tip 
width. According to Johnson and Russell (2009), for Rhoptropus, across all lamellae 
trends include: decreasing lamellae length distally, increase in setal length distally, 
unchanging setal diameter, and higher setal density proximally.  
 For each lamella in A. carolinensis (i.e. based on location on lamellae), trends 
include: increase in setal length distally, decreasing diameter distally, unchanging setal 
density, and decreasing tip width distally. For each lamella in Rhoptropus, trends 
include: increasing setal length distally, decreasing diameter distally, and increasing 
density distally with exception to the proximal lamellae.  
 Therefore, reverse trends were not seen in Anolis carolinensis so our hypothesis 
was rejected, as the setal field configuration pattern observed in Anolis carolinensis was 
generally similar to the Rhoptropus genus geckos.  
 This finding is interesting as it relates to the functional implication of setal 
configuration. Previous work by Johnson and Russell (2009) suggested the variation in 
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setal length along the lamellae might play a role in facilitating simultaneous detachment 
of the seta during toe pad peeling. It is known that anoles do not perform peel off 
surfaces like geckos, but rather detach in a proximal-to-distal motion (Russell and Bels 
2001). Our findings suggest that peeling direction might not be a driving factor in the 
variation in setal length along the lamellae in geckos. Perhaps the variation in setal 
dimension plays a role in navigating the environment or preventing setae from 
interfering with each other, as also suggested by Johnson and Russell (2009).  
Additionally, the patterns observed may simply be a product of setal development.  
 While this experiment expanded upon the characterization of Anolis setae, more 
work is still needed on other Anolis species. This experiment was limited as only one 
species was used; future work could investigate additional anole species and provide 
more data and comparisons. Furthermore, in the future, comparative studies 
investigating differences in setal morphology between anoles and geckos could be 
completed. Perhaps this could shed more light on the functional implications of the setal 
trends as it relates to peeling direction. Overall, this experiment has relevance to the 
way adhesive lizards utilize their adhesive systems in nature and the production of more 
multi-functional synthetic adhesives. 
 
Acknowledgments  
 I would like to thank Weiyao Li for assisting with SEM imaging. I would also like 
to thank Dr. Peter Niewiarowski and Dr. Ali Dhinojwala, along with their research groups 
		 21 
for their assistance on this project. Thank you to Dr. Henry Astley for providing the 
Anolis carolinensis specimens. Additionally, I would like to thank Austin Garner and 
Michael Wilson for their insight and mentoring me throughout the project. Finally, thank 


































1. Autumn, Kellar. "How Gecko Toes Stick: The Powerful, Fantastic Adhesive Used 
by Geckos Is Made of Nanoscale Hairs That Engage Tiny Forces, Inspiring Envy 
among Human Imitators." American Scientist, no. 2, 2006, p. 124 -132. 
2. Autumn, Kellar and Anne M. Peattie. "Mechanisms of Adhesion in Geckos." 
Integrative and Comparative Biology, no. 6, 2002, p. 1081-1090. 
3. Autumn, Kellar and Nick Gravish. "Gecko Adhesion: Evolutionary 
Nanotechnology." Philosophical Transactions: Mathematical, Physical and 
Engineering Sciences, no. 1870, 2008, p. 1575-1590. 
4. Autumn, Kellar, Peter H. Niewiarowski, and Jonathan B. Puthoff. "Gecko 
Adhesion as a Model System for Integrative Biology, Interdisciplinary Science, 
and Bioinspired Engineering." Annual Review of Ecology, Evolution & 
Systematics, vol. 45, 2014, p. 445-470. 
5. Elstrott, Justin. "Evolutionary Correlations among Morphology, Habitat Use and 
Clinging Performance in Caribbean Anolis Lizards." Biological Journal of the 
Linnean Society, vol. 83, no. 3, 2004, p. 389-398. 
6. Han D, Zhou K, and Bauer AM. “Phylogenetic relationships among gekkotan 
lizards inferred from Cmos nuclear DNA sequences and a new classification of 
the Gekkota.” Biological Journal of the Linnaean Society, vol. 83, 2004, p. 353-
368.  
7. Johnson, Megan K. and Anthony P. Russell. "Configuration of the Setal Fields of 
Rhoptropus (Gekkota: Gekkonidae): Functional, Evolutionary, Ecological and 
Phylogenetic Implications of Observed Pattern." Journal of Anatomy, vol. 214, 
no. 6, 2009, p. 937-955.  
8. Niewiarowski, Peter H, Alyssa Y Stark, and Ali Dhinojwala. "Sticking to the Story: 
Outstanding Challenges in Gecko-Inspired Adhesives." The Journal of 
Experimental Biology, vol. 219, pt. 7, 2016, p. 912-919. 
9. Ruibal, Rodolfo and Valerie Ernst. “The structure of the digital setae of lizards.” 
Journal of Morphology, vol. 117. no. 3, 1965, p. 271-293. 
10. Russell, Anthony P. and Vincent Bells. “Digital Hyperextension in Anolis sagrei.” 
Herpetologica, vol. 57, no. 1, 2001, p. 58-65.  
11. Williams, E. E. and J. A. Peterson. "Convergent and Alternative Designs in the 
Digital Adhesive Pads of Scincid Lizards." Science, no. 4539, 1982, p. 1509. 
 
 
